Abstract-This study investigates the nonlinear/linear behaviors of human heart rate response to treadmill exercise, for young and healthy subjects. The heart rate of the subject is measured, starting at a speed of 7 km/h, and increasing until the maximum heart rate for the subject is reached. The obtained nonlinear model is complicated and is not robust. Furthermore, sustained exercise at maximum heart rate is not always safe. For these reasons, this is not a suitable method for running exercise. Instead, we develop simple linear models for the same speed range, which is suitable for treadmill running exercise. We also propose a new model, called 'H model', to predict the percentage of heart rate reserve during running exercise. It has been proven that the presented model can predict the percentage change of heart rate for running exercise in the identified linear response range.
INTRODUCTION
Cardiac responses to exercise are used in testing to monitor the progress of the exercise program. Exercise testing includes experimental data collection and preprocessing, physiological variable analysis, and training protocol design. Specific exercises can be recommended for each individual depending upon their own interests. In this study, we investigate treadmill running due to its popularity.
Cardio-respiratory fitness for an individual can be enhanced by the use of aerobic exercise at an appropriate intensity. Heart rate (HR) is one of the most commonly used non-invasive measurements of exercise intensity for healthy adults. The American College of Sports Medicine (ACSM) has invented the exercise intensity program, and this could be defined as a percentage of maximal heart rate (ACSM, 2000) [7] .
Researchers have found that the percentage of heart rate reserve (defined as the difference between maximal and resting heart rate), often provides a more accurate measurement of exercise intensity. Percentage of heart rate reserve is the precise representative of the net energy expenditure [11] , and it is considered to be a predictor for energy expenditure [11] [12] . Therefore, monitoring the percentage of heart rate reserve is a way of examining exercise, and the heart rate response model is a significant assessment of the physical health of individuals [3] .
There are nonlinear dynamic models for heart rate response to treadmill walking exercises, both in the exercising and recovery stages. Researchers often model heart rate behavior from a regulation point of view [1] [2] [4] [5] . This paper explores the steady state nonlinear/linear behavior of heart rate response for running exercise. The linear range of heart rate response has been identified, and a new model, called 'H model', has been proposed to predict the change of percentage of heart rate reserve, during running exercise.
The organization of the paper is as follows. In Section II, the proposed modeling method is introduced. Experimental validation is given in Section III. Section IV concludes the paper.
II. PROPOSED H MODEL
The following model has been proposed to illustrate the heart rate response with respect to speed, for running exercise.
Where Hrest is the resting heart rate, and R H is the heart rate at any instant. R H % is the model heart rate in percentage.
Resting heart rate, was defined for each subject, and was obtained by resting for a period of 3 minutes between exercises.
III. EXPERIMENTAL VERIFICATION

A. Subjects
One healthy female and four male subjects were studied. The physical characteristics of the subjects are summarized in Table I .
B. Procedure
Each subject had completed running exercise sessions on separate occasions. The male and female subjects undertook running exercise sessions in the same environment. All subjects ran on the same treadmill for this experiment.
In each session, the subject was requested to run on the treadmill at given speeds (7km/h, 8km/h, 9km/h, 10km/h, 11km/h, and 12 km/h) for five minutes, with a recovery period of 15 minutes in each.
The subject's resting heart rate was monitored for 3 minutes before starting to run on the treadmill. The heart rate was then monitored while the subject ran at the given speed for 5 minutes. Lastly, the recovering heart rate has been monitored for 20 minutes after the end of running exercise. The period of each exercise would take up to 23minutes for a given speed. The subjects were required to stand during rest in order to obtain the data. 
C. Data acquisition and pre-processing
In this study, the heart rate of the subject was monitored by the wireless Polar system, and recorded by the Polar S625 Wrist unit. The unwanted electromagnetic interferences from external sources, (e.g. high voltage power lines, televisions, other heart rate monitors, and in some cases mobile phones), often generate disturbance in the measured heart rate data. The outliers were removed, as much as possible, by eliminating these external sources in the area surrounding the exercise environment, so that the measured heart rate data would not be affected. The heart rate data was stored in the Wrist Unit.
D. Results
1) A non-linear dynamic model for heart rate response for running exercise
The non-linear model for the heart rate response of running exercise has been obtained from Subject 5 only. Subject 5 was requested to run on a treadmill at a given speed (7km/h, 8km/h, 9km/h, 10km/h, 11km/h… and 15km/h) for five minutes with a recovery period of 15 minutes. The subject completed three exercise sessions in separate occasions. The average rest heart rates for the subject 5 are given below Table. Figure 1 depicts the non-linearity behavior of the heart rate responses. Figure 2 shows that the proposed H Model also depicts nonlinearity of heart rate response. The following table below reveals that H Model is a better model for describing the non-linearly of the dynamic heart rate response for running exercise. The H model has less SSE. To prove that H Model is a more appropriate model for non-linear dynamic heart rate response for running exercise, more experiments are needed at high running speeds. Furthermore, we also found that non-linear range for running exercise is not suitable for practical purposes because it is not considered to be a healthy exercise for the heart. We detect linear range of heart rate response next. The linear range for heart-rate response for running exercise was determined as from 7 km/h to 13km/h. Table IV gives the average rest heart rate for each subject. 
2) Estimate a slope for a linear range -Absence of H Model
Each subject's change in heart rate response has been analyzed with respect to speed in the absence of H Model and plotted. The Table below shows an analysis of the mean and standard deviations of the subjects' change of heart rate response with the increase in speed. The following figure shows the linear model for running exercise with the absence of H Model with combined data. Figure 9 . Heart rate responses of combine data
3) Estimate a slope for a linear range -Presence of H Model
The slope of a linear range for running exercise has been analyzed with the H Model. Each subject's change in heart rate response has been analyzed with respect to speed in the absence and plotted. The following figures show below. The Table below summarizes the mean and standard deviations of the subjects' change of heart-rate response with increase in speed. 
4) Estimate a slope for a linear range -Combined data
The following figure shows the combined data of all subject's with the absence of H Model. The following figure shows the combined data of all subject's with H Model. 
5) Comparison between the with and without H model
The following table analysis the experimental result for the linear model for heart rate response to running exercise with and without the H Model for each subjects and a unified model for all data. Figure 18 . 95% of confidence levels of data were in bound In comparison of unified models that H model has least SSE and RMSE; the above figures reveal that 95% of confidence levels of data were in bound with model. The linear heart rate responses H model for the different subjects to perform their regular running exercise. The subject requires monitoring their rest heart rate before commencing an exercise session. The percentage of Heart rate responses can be estimated with the use of the following equations.
• Unified H model for linear range heart rate response is given below • Unified H model for both linear and nonlinear heart rate for running exercise is given below
IV. CONCLUSION
In this study, we have identified the linear response range of heart rate, for treadmill running exercises. In order to estimate the percentage of heart rate reserve, we introduce H Model. The results clearly show that H Model provides accurate estimations of heart rate responses for healthy individuals. We suggest treadmill running exercise should be confined to the identified linear response range for a given subject.
